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Oldest Cretaceous sequence, Giralia Anticline, Carnarvon Basin,
Western Australia: late Hauterivian-Barremian
S. Mcl.oughlin'>, D. W. Haigl, J. Backhouse-, M. A. Holmes", G. Ellis4, J. A. Long> &
K. J. McNamara>
Outcrop of the oldest Cretaceous sequence in the Giralia
Anticline and the Giralia No. 1 well, penetrating the same
sequence, are described and biostratigraphically assessed in detail.
The Cretaceous rocks lie on an erosion surface cut into Permian
strata. A 10 m thick basal sand unit, the Birdrong Sandstone, is
overlain by 56 m of carbonaceous siltstone-mudstone (Muderong
Shale). The Birdrong Sandstone in the anticline belongs to the
Muderongia australis Zone of late Hauterivian-Barremian age,
as does the lower part of the Muderong Shale. The age of the
upper Muderong Shale is uncertain, as is the age of a 10 m
thick sandstone unit (probable Windalia Sand Member) which
separates the Muderong Shale from the late Aptian Windalia
Radiolarite. Abundant fossil conifer wood, much of it with
Teredolites borings, is present in outcrop referred to the upper
part of the Birdrong Sandstone. Scattered ichthyosauran bones,
probable plesiosauran remains, and rare ammonites also are
present at this level. A growth-ring analysis of the wood suggests
that-sa seasonal humid mesothermal climate prevailed in the
region. Changes in sediment composition, palynomorph assem-
blages, and foraminiferal biofacies reflect retrogradation of marine
facies during deposition of the Birdrong Sandstone and lowermost
Muderong Shale, followed by aggradation through most of the
Muderong Shale with maximum water depths less than 50 m.
Within the sequence, the Birdrong Sandstone and the lowermost
Muderong Shale represent a transgressive systems tract, whereas
most of the Muderong Shale belongs to a highstand systems
tract. The sequence reflects a transgressive pulse that was part
of the progressive submergence of vast areas of the Australian
continent during the Early Cretaceous. This late Hauterivian-
Barremian transgressive pulse is recognised in widely separated
basins and may represent a synchronous continent-wide sea-level
rise.
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proceeding from the late Valanginian on the North West
Shelf (northern Barrow Sub-basin and central Dampier
Sub-basin) to approximately Barremian (in terms of Helby
Figure 1. Carnarvon Basin, showing the extent of the Giralia
Anticline, the location of Giralia No.1, and the outcrop area
(shown in detail on Fig. 6).
The transition within the Winning Group from shoreface
sand to marine shale has been shown to be diachronous
across the northern Carnarvon Basin (Wiseman 1979),
The Giralia Anticline forms a prominent feature on the
Western Australian landscape south of Exmouth Gulf,
extending along a north-south axis for over 100 km
(Fig. 1; Condon et al. 1956; van de Graaff et al. 1980;
Hocking et al. 1985). The structure, folded during the
Neogene, exposes a stratigraphic record through about
50 Ma of Cretaceous time, from the late Hauterivian to
the Maastrichtian (Fig. 2). The sediments accumulated
on a broad continental shelf adjacent to the newly formed
passive western continental margin and reflect marine
events that are recognised over wide areas of the Australian
continent. This paper describes the oldest Cretaceous
sequence found in the anticline and a major marine
flooding episode coincident with the marine inundation
of vast areas elsewhere on the continent.
The oldest sequence in the Cretaceous of the Giralia
Anticline lies unconformably above Permian strata of the
Byro Group (Johnstone 1955) and includes a basal
sandstone unit (transgressive systems tract) and an over-
lying shale formation (mainly highstand systems tract).
Johnstone (1955) identified this stratigraphic succession
as the Birdrong Sandstone overlain by the Muderong
Shale. The Windalia Radiolarite, overlying the Muderong
Shale, represents a distinct depositional sequence of late
Aptian to early Albian age (Ellis 1993).
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Figure 2. Cretaceous lithostratigraphy of the Giralia Anticline
(modified from Condon et al. 1956; van de Graaff et al. 1980;
Hocking et al. 1985; Shafik 1990; and our continuing studies).
et al. 1987) in parts of the present-day onshore Carnarvon
Basin. The post-Valanginian physiography of the region
was established by two main episodes of rifting (Malcolm
et al. 1991). A Callovian-Oxfordian episode particularly
affected the Barrow and Dampier Sub-basins, establishing'
a deep depocentre there, and resulted in continental
breakup north of Exmouth Plateau. Berriasian to Valang-
inian rifting particularly affected the Exmouth Sub-basin,
through uplift followed by sag, and resulted in continental
breakup immediately west of the sub-basin. A widespread
hiatus within the Valanginian, marking the end of the
second phase of rifting, is present across the northern
Carnarvon Basin. The marine Winning Group was depos-
ited on this unconformity (Hocking 1988).
The Giralia Anticline region was part of a relatively stable
continental platform during the Early Cretaceous, but was
probably affected by transfer and associated tear faults
during the Berriasian to Valanginian, as recognised in the
adjacent Exmouth Sub-basin (Malcolm et al. 1991).
Erosion down through Permian strata may have contrib-
uted sediment north to the delta complex of the Barrow
Group during this time.
The post-Valanginian onlap of marine shales onto the
continental platform presumably took place in a series
of cycles reflecting changes in sediment-accommodation
space, and resulted from a balance between eustatic
sea-level changes, local tectonism, and the rate of sediment
accumulation. The marine inundation of the continental
platform in the Giralia Anticline region is reflected by
the sequence described in this paper. The oldest marine
units were previously known only from the few wells
drilled in the anticline. During this study, we found
outcrop in the central part of the anticline which we
believe represents part of the oldest sequence, and we
re-examined core material from the nearby WAPET Giralia
No.1 petroleum exploration well (Lat. 22°59'35/1S, Long.
114°14'20//E). To determine if the cycle we recognise is
reflected elsewhere on the Australian continent: (1) the
unit in the central Giralia Anticline has been Iithostrati-
graphically and biostratigraphically assessed in detail; (2)
the bathymetry and regional climate have been interpreted
from a variety of sedimentological and palaeontological
criteria; and (3) comparisons have been made with coeval
stratigraphic units elsewhere on the Australian continent.
Stratigraphic setting
The Cretaceous stratigraphy of the Giralia Anticline was
outlined by Condon et al. (1956) and revised during later
field mapping (van de Graaff et al. 1980; Hocking et al.
1985) and in the micropalaeontological study of Shafik
(1990). The Cretaceous lithostratigraphic units are shown
on Figure 2. Hocking (1988, 1990) grouped the Creta-
ceous formations into the following 'depositional se-
quences': the mainly siliciclastic Mz4b 'Sequence'
comprises the Birdrong Sandstone, Muderong Shale,
. Windalia Radiolarite, and Gearle Siltstone (incorporating
the Beedagong Claystone represented on Fig. 2); and the
mainly carbonate Mz5 'Sequence' comprises the Toolonga
Calcilutite, Korojon Calcarenite, and Miria Formation.
Each of these 'sequences' represents a tectonic stage in
basin development of an order roughly corresponding to
'supersequences' on the Haq et al. (1988) cycle chart.
Mz4b reflects a post-breakup trailing-edge stage in the
development of the continental margin, with restricted
circulation in the shelf sea; Mz5 reflects a trailing-edge
marginal sag situation with open circulation in the shelf
sea.
Within the anticline's Mz4b group of formations, we
recognise four 'sequences' (of an order somewhat higher
than the sequences represented by Haq et al. 1988), each
of a different depositional style, bounded by confirmed
unconformities or major flooding surfaces (Fig. 2). The
oldest of the sequences incorporates units identified as
the Birdrong Sandstone and the Muderong Shale. Both
these formations have type sections in the onshore
Carnarvon Basin to the southeast of the Giralia Anticline.
Giralia No. 1 well section
Lithostratigraphy
The hole penetrated 114 m of Cretaceous strata before
passing into Permian units (Fig. 3). Within the Cretaceous
interval, ten cores (each 3 m long with generally poor
recovery, and now disordered) were taken from depths
between 85.3 and 115.8 m. Cuttings were collected from
the remainder of the section. Below the base of weathering
at 15 m, the borehole penetrated 15 m of a medium to
dark grey siltstone. Chips of the rock at 15 m contain
OLDEST CRETACEOUS SEQUENCE, GIRALIA ANTICLINE, WA 447
abundant poorly preserved radiolarians forming 25-50%
of the rock by volume. The radiolarian skeletons seem
to be replaced by a friable recrystallised silica or clay.
Minute carbonaceous flecks are common together with
rare mica flakes. Between 30 and 40 m a very fine-grained
quartz-glauconitic sandstone was encountered. A dark-
grey siltstone was penetrated from 40 to 104 m. The
washed 150 f-Lm-2 mm sand fractions of cuttings exam-
ined from 46 m and 64 m contain abundant small aggre-
gates of siderite crystals as well as common pyrite,
including casts of radiolarians and rod-like structures (?
pyritised wood debris). A similar grain-type composition
was found in equivalent grain-size fractions from material
selected from core 1 (85.3-88.4 m), core 3 (91.4-94.5 m)
and core 6 (100.6-103.6 m). Siderite is rare in the
equivalent sand fractions of studied samples from core 2
(88.4-91.4 m), core 4 (94.5-97.5 m), and core 5 (97.5-
100.6 m). In the interval 104-114 m, a medium to coarse,
well-sorted sandstone was penetrated. Core recovery in
this unit was very poor and the core is in a disaggregated
condition. A sample examined from core 7 (103.6-106.7 m)
is a slightly indurated glauconitic quartz sandstone. Glau-
conite grains form about 40% of the 150 um-Z mm sediment
fraction. A sample examined from core 9 (109.7-112.8 m)
is a friable quartz sandstone.
Johnstone (1955) referred the interval down to 30 m to
the Windalia Radiolarite (in the sense of Condon 1954);
the section from 30 to 104 m to the Muderong Formation
(= Muderong Shale of Condon 1954); and the sandstone
unit between 104 and 114 m to the Birdrong Sandstone
(originally defined by Condon 1954). Hocking (1990, p.
149) suggested that the sandstone unit at 30-40 m may
be the Windalia Sand Member of the upper Muderong
Shale (originally named by Parry, 1967, for the Barrow
Island succession). We have adopted this lithostratigraphic
subdivision (Fig. 3), although the stratigraphic relation-
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Figure 3. Giralia 1 bore section, showing lithostratigraphy, biostratigraphy, and chronostratigraphy.
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ship of the 'Windalia Sand Member' to the Muderong
Shale is uncertain.
Biostratigraphy
Palynomorphs. Diverse assemblages of spores-pollen and
marine dinoflagellate cysts and acritarchs occur in all
Cretaceous units below the weathered zone in Giralia
No. 1. Selected species are illustrated in Figure 4 and
their distributions recorded in Table 1. Below the Creta-
ceous, shale samples from cores 11 (115.8-118.9 m) and
12 (134.1-137.2 m) are dated as Early Permian on
palynological evidence.
The oldest Cretaceous palynomorphs were recovered from
core 10 (112.8-115.8 m) and a similar assemblage from
core 7 (103.6-106.7 m), both in the Birdrong Sandstone.
Both samples are contaminated by material from higher
levels in the well, but in core 7 this seems to be a very
minor component of the total assemblage. Canningia
transitoria is present in both samples and Scriniodinium
attadalense is a significant component of the core 7
assemblage. Together with the presence of Muderongia
australis and Batioladinium jaegeri and the absence of
Phoberocysta spp. and other cysts associated with lower
zones, this is strong evidence for assignment of the
Birdrong Sandstone interval (cores 10-7) to the lower
part of the Muderongia australis Zone of Helby et al.
(1987).
Assemblages from the lowest Muderong Shale in cores 6
(100.6-103.6 m) and 5 (97.5-100.6 m) contain a greater
range of dinoflagellates and acritarchs associated with
the M. australis Zone (Table 1). They are tentatively
interpreted as coming from a slightly higher level in the
zone than core 7. Fromea monilifera and Ovoidinium
cinctum first appear in core 4 and suggest that the samples
from cores 4 (94.5-97.5 m) to 2 (88.4-91.5 m) are from
a higher part of the M. australis Zone, comparable with
the Fromea monilifera Zone of the Perth Basin (Backhouse
1987). Assemblages from cores 4-2 also show rather
more marine influence, judged by the proportion of marine
forms, compared with assemblages below core 4. The
interval from core 4 to core 2 is placed in the mid to
upper M. australis Zone.
The M. australis Zone has been variously dated as
Barremian (Helby et al. 1987), late Hauterivian to earliest
Aptian (Partridge & Helby 1988) and late Hauterivian to
Barremian (Helby & McMinn 1992). No ages have been
confidently assigned to informal subdivisions of the M.
australis Zone, but Helby & McMinn (1992) indicated a
mid Barremian age for the upper part of the zone.
All the samples assigned to the M. australis Zone also
belong in the Balmeiopsis limbata Miospore Zone of
Backhouse (1988), which is equivalent to the upper part
of the Biretisporites eneabbaensis Spore-pollen Zone as
presented in Helby et al. (1987).
The sample from core 1 (85.3-88.4 m) and the cuttings
samples examined from 64 to 30 m contain substantial
caved material and are inherently unreliable. It is possible
that the Ovoidinium cinctum (=Ascodinium cinctum) and
Odontochitina operculata zones of Helby et al. (1987)
are present within the 85-15 m interval in Giralia No.1,
but this cannot be confirmed from the present samples.
A cuttings sample from 15.2 m, just below the weathered
interval, yielded an assemblage with Diconodinium
davidii, Endoceratium turneri and Odontochitina opercu-
lata. It also contained abundant specimens (>40% of the
total dinoflagellates and acritarchs) of a dinoflagellate
identified as Ovoidinium sp., which is conspecific with
Ascodinium sp. A of Helby & McMinn (1992). These
authors recorded it only from the Diconodinium davidii
Zone at ODP Site 765. This sample is placed in the D.
davidii Zone of late Aptian age.
Foraminifera. The distribution of foraminifera in samples
from the Giralia No.1 well section is shown in Table 2,
and species are illustrated in Figure 5. Very rare, robust,
siliceous agglutinated foraminifera are present in a core
sample of glauconitic sandstone within the upper part of
the Birdrong Sandstone. In contrast, the agglutinated
species in the Muderong Shale are generally smaller in
size with deflated siliceous tests. Sparse hyaline benthonic
foraminifera are present in cuttings from 30 m. These
are associated with rock chips of Windalia Radiolarite.
The foraminifera from the upper Birdrong Sandstone and
the Muderong Shale belong to the Ammobaculites Asso-
ciation (Haig 1979a; Haig & Lynch 1993) characterised
by the presence of siliceous agglutinated species belonging
to Ammobaculites,. Bimonilina, Cribrostomoides, Haplo-
phragmoides, Lagenammina, Psammosphaera, and possi-
ble Textulariopsis. Cribrostomoides is the revised name
for Australian Cretaceous forms included in Labrospira
by Haig & Barnbaum (1978) and Haig (1980), and in
Recurvoides by Haig & Lynch (1993), following the
generic revision of Jones et al. (1993). The recovered
assemblages include species known from the Ammobncu-
lites australis and Lingulogavelinella albiensis biofacies
(Haig 1979b; Haig & Lynch 1993) of the Aptian-Albian
in the eastern Australian epeiric basins. None of the
species is indicative of age. Based on a comparison with
the eastern Australian fauna described by Haig (1979a,
1980, 1981, 1982), Haig & Barnbaum (1978) and Haig
& Lynch (1993), the species suggest that the palaeo-
bathymetry was shallow (probably within the range of
several metres to 20-30 m), and that conditions on the
seafloor were abnormal, possibly dysaerobic and with
slightly reduced salinity. The common occurrence of
Ammobaculites humei in the Muderong core samples
suggests that the original fauna may have contained
calcareous hyaline species that were dissolved during
early diagenesis. In eastern Australia A. humei is usually
associated with a calcareous microfauna in the L. albiensis
biofacies (Haig 1979, 1980).
There is a difference in preservation between the recovered
Muderong and Windalia assemblages. The agglutinated
foraminifera from the Windalia Radiolarite cuttings are
non-calcareous like those from the Muderong Shale, but
are smaller in size and so deflated and deformed that
species cannot be recognised. Although rare and very
small in size, the calcareous hyaline types from the
Windalia Radiolarite are well preserved. The presence of
Lingulogavelinella sp. ct. L. albiensis suggests the age
of the unit is late Aptian or earliest Albian (based on the
range of the species in the eastern Australian basins; Haig
1982). The faunal association and biofacies represented
in the Windalia Radiolarite cannot be determined because
of the low recovery of foraminifera.
Radiolaria. Few pyritised radiolaria are present in the
Muderong Shale cores and ditch cuttings within the
interval 94.5-46 m; most are indeterminant. Three species
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have been tenatively recognised among the pyritic casts
found in core 1 (85.3-88.4 m): Spongodiscus renillaefor-
mis Campbell & Clark, Orbiculiforma sp., and Arach-
nosphaera exilis (Hinde). The ranges of these species
have not been firmly established; S. renillaeformis has a
widespread distribution and is known from the Aptian to
lower Cenomanian, and A. exilis is abundant in Aptian-
Albian deposits elsewhere in Australia (Ellis 1993). In
Figure 4. Dinoflagellate cysts and acritarchs from Giralia No.1 well, all x 500. Sample numbers refer to Geological Survey
of Western Australia Fossil Collection, with specimens located by England Finder. 1-0voidinium sp., cutt. 15.2 m (F49330/1,
M10/4); 2-Platycystidia eisenackii, core 2, (F49335/1, T29/4); 3-Belodinium dysculum, core 5, (F49338/l, T35/2); 4-Din-
godinium cerviculum, core 2, (F49335/1, M25/3); 5-Discorsia nanna, core 5, (F49338/1, T38/1); 6-Aprobolocysta sp. cf. A.
alata, core 5, (F49338/1, U16/0); 7-Canningia transitoria,core 10, (F49344/1, K19/1); 8-Fromea monilifera, core 2, (F49335/1,
R33/1); 9-Batioladinium jaegeri, core 2, (F49335/1, S35/3); 10-Herendeenia postprojecta, core 3, (F49336/1, T22/1);
ll-Carpodinium granulatum, core 3, (F49336/1, V28/1); 12-Scriniodinium attadalense, core 7, (F49341/1, E17/4); 13-Ba-
tiacasphaera subtilis, core 7, (F49341/1, U42/1); 14-Muderongia sp. cf, M. crucis, core 5, (F49338/1, X17/0); 15-Muderongia
australis, core 5, (F49338/1, P24/3); 16-Muderongia sp. cr. M. tomaszowensis, core 2, (F49335/1, S18/1).
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Table 1. Distribution of some biostratigraphically significant dinoflagellates and acritarchs in Giralia No. 1 between core 7
and the cuttings sample at 15.2 m.
Core No. 7 6 5 4 3 2
Cuttings (depth in metres) 15.2
Batiacasphaera subtilis Stover & Helby x
Canningia transitoria Stover & Helby x
Scriniodinium attadalense (Cookson & Eisenack) Eisenack x
Aprobolocysta sp. d. A. alata Backhouse x x x x x x
Muderongia australis Helby x x x x x x
Muderongia sp. d. M. crucis Neale & Sarjeant x x x x
Muderongia sp. ct. M. tomaszowensis Alberti x x
Batioladinium jaegeri (Alberti) Brideaux x x x x x x x
Dingodinium cerviculum Cookson & Eisenack x x x x x x x
Epitricysta vinckensis Stover & Helby x x x x
Leiosphaeridia perthensis Backhouse x x x x
Batiacasphaera aptiensis (Burger) Kumar x x x x x
Platycystidia eisenackii (Mehrotra & Sarjeant) Backhouse x x x x x
Belodinium dysculum Cookson & Eisenack x
Discorsia nanna (Davey) Duxbury x x x
Carpodinium granulatum Cookson & Eisenack x x
Ovoidinium cinctum (Cookson & Eisenack) Davey x x
Fromea monilifera Backhouse x x x x
Herendeenia postprojecta Stover & Helby x
Canningia sp. A (Morgan, 1980a) x
Canninginopsis intermedia Morgan x
Diconodinium davidii Morgan x
Endoceratium turneri (Cookson & Eisenack) Stover & Evitt x
Odontochitina operculata (0. Wetzel) Deflandre Sc. Cookson x
Ovoidinium sp. x
% dinocysts & acritarchs 39 31 46 68 53 50 70
Table 2. Distribution of foraminifera in Giralia No. 1 between core 7 and the cuttings sample at 15.2 m.
Core No. 7 6 5 4 3 2 1
Cuttings (depth in metres) 64 46 30 15.2
Agglutinated species
Ammobaculites humei Nauss x x x x x x
Ammobaculites sp. x
Bathysiphon brosgei Tappan x x x x x
Bimonilina sp. ct. B. engeninensis (Ludbrook) x x x x x
Cribrostomoides nonioninoides (Reuss) x x x x x x
Haplophragmoides sp. 1 x x x x x
Haplophragmoides sp. 2 x x x x
Lagenammina lagenoides (Crespin) x
Psammosphaera laevigata White x x x x
?Textulariopsis sp. x x x
indeterminant agglutinated tests x x x
Hyaline species
Lenticulina spp. gr. L. warregoensis Crespin x x
Lingulogavelinella sp. d. L. albiensis Malapris x
"Marginulinopsis" pristipellis Ludbrook x
Other mineralised fossil material
radiolaria (pyritised) x x x x x
radiolaria (friable recrystallised silica) x x
fish debris x x x x
? wood debris (pyritised) x x x x x
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Figure 5. Foraminifera from the Birdrong Sandstone and Muderong Shale in Giralia No.1. All specimens are housed in
the Foraminiferal Species Reference Collection at the University of Western Australia. I-Bathysiphon brosgei, core 5,
Muderong Shale, x 95; 2-Lagenammina lagenoides, core 3, Muderong Shale, x 135; 3~Psammosphaera laevigata, core 5,
Muderong Shale, x 160; 4-Haplophragmoides sp. 1, core 6, Muderong Shale, x 165; 5-?Textulariopsis sp., core 5, Muderong
Shale, x 145; 6-Ammobaculites sp., core 1, Muderong Shale, x 45; 7-Bimonilina sp. cf. B. engeninensis, core 6, Muderong
Shale, x 90; 8-Ammobaculites humei, core 2, Muderong Shale, x 80; 9-Ammobaculites humei, core 1, Muderong Shale, x
130; 10-Cribrostomoides nonioninoides, core 7, Birdrong Sandstone, x 90.
the Windalia Radiolarite, replacement of the tests by
recrystallised silica and clay has made any chance of
recovery impossible. Only the distinctive radiolarian
outlines remain recognisable and indicate their abundant
presence during deposition.
Outcrop in Giralia Anticline
During recent field work in the central part of the anticline,
we located flat-lying, glauconitic sandstone beds in a belt
to the west of a major lineament seen on aerial photographs
(probably a major fault; Fig. 6). Only a few metres of
section are exposed here in scattered outcrop, and stra-
tigraphic relationships with adjoining units are obscure.
The structural lineament separates the sandstone outcrop
from exposures of Windalia Radiolarite immediately to
the east. Farther east, material from the basal part of the
Gearle Siltstone (with common belemnites) has been
exposed in Black Dam, and higher beds of the Gearle
Siltstone crop out along Cardabia Creek. To the west of
the sandstone belt, in slightly higher country, is an area
of no outcrop (possibly weathered Muderong Shale) and,
farther west, scattered rubble of Windalia Radiolarite is
found. The glauconitic beds may represent the top of an
indurated sandstone unit from which overlying friable
beds have been eroded.
Lithostratigraphy
Three lithofacies are differentiated in the scattered sand-
stone outcrop; represented by beds 40-80 em thick, these
appear to be repeated upsection in no particular order.
The first lithofacies is a pale green, very fine greensand
with wavy laminae that appear to be ripples. The wave-
length of the ripples is 5 em and amplitude 1 em.
Muscovite flakes and bored wood remnants are also
common.
The second facies is a reddish brown, poorly sorted,
massive muddy sandstone, with bright red (alteration)
and green mottles. The sand is partly cemented by calcite,
and late-stage, lesser iron oxide/hydroxide. Dark-red
laminae and filled burrows are common. Much of the
bored wood on the surface of the ground is similarly
stained. The lithofacies contains large (0.50.75 m diame-
ter) calcium carbonate septarian nodules. Limonite nod-
ules are also present and are probably weathered products
of former pyrite or siderite nodules.
The sandstone of the second facies is composed of
glauconite pellets, quartz grains and some opaque, white
grains. The latter are a very minor component, less than
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Figure 6. Outcrop area of probable Birdrong Sandstone,
central Giralia Anticline, Cardabia Station.
1%, and appear to be kaolinised potassium feldspars. The
quartz grains are very rounded to angular, clay-sized to
0.5 mm. Most are clear with some white inclusions. About
5% are frosted and another 5% are pink from iron oxide
staining. Glauconite pellets constitute some 60% of the
total components. They range in size from 100 um to
aggregates up to 1 mm across. They are faint green in
the smaller pellets to dark green in the larger aggregates.
The glauconite pellets could not be satisfactorily extracted
from the lithified material, as they became crushed and
mixed with silt and clay. Consequently, no mineralogical
information was obtained on these. The coarse silt fraction
«40 urn) is composed of quartz, a 10/17 A clay, calcite,
goethite, possibly some potassium feldspar and a trace
of kaolinite. The clay fraction (2 urn) is composed of an
ordered 10/17 Amixed-layered clay (illite/smectite) with
approximately 65% illite layers (35% expandable). Also
present are quartz, potassium feldspar, and goethite. There
is a barely perceptible trace of kaolinite.
The third lithofacies, is a light-coloured massive glau-
conitic sand with a white silty infill and spotty gypsum
rosette cement. Quartz grains form about 33% of the sand
fraction, of which about 15% is fine sand (0.125-
0.250 mm) and the rest is very fine sand (0.063-
0.125 mm). The quartz is sub angular to rounded--most
is clear, about 10% is iron-stained pink. The glauconite
constitutes about 66% of the sand fraction. It ranges in
diameter from 0.63 to 0.25 mm-about 95% is very fine
sand. The colour ranges from yellowish white through
light to dark green. Many of the grains are globular;
others are identifiable as former faecal pellets and
foraminiferal moulds, which indicate that much of the
glauconite is probably autochthonous. About 1% of the
sand-size grains are opaque white to pinkish brown; these
are highly kaolinised potassium feldspar grains. Another
1% are opaque black or bright red. Some of the latter
appear to be oxidised glauconite pellets. Also present in
the sand fraction are wood fragments, <1 mm across.
These are opaque black, apparently pyritised or formerly
pyritised, now haematitic.
The glauconite pellets in the third lithofacies are composed
of expandable 10/17 A clay with a trace of kaolinite. The
exact proportions of smectite and illite in the pellets are
difficult to discern from XRD traces. There is probably
a range of proportions among the pellets. The coarse silt
fraction «40 urn) comprises gypsum, smectite, quartz,
mica, a trace of potassium feldspar and kaolinite. The
clay «2 urn) fraction contains the same components. The
smectite is only partly expandable, but interference from
the mica and gypsum peaks renders an exact proportion
of expandable layers uncertain without more extensive
sample preparation (i.e. gypsum removal).
Biostratigraphy
Fossils found in outcrop include ammonoids, marine
reptilian bones and fossil wood. The glauconitic sandstone
has not yielded any foraminifera and the outcrops are
too weathered to preserve palynomorphs.
Ammonoids. Portions of two ammonoid specimens pre-
served as external moulds in calcareous nodules were
collected from the glauconitic sandstone outcrops by Mr
R. French of Cardabia Station. The specimens represent
two different genera. Because of the fragmentary nature
of the material and its preservatiion, only very tentative
identifications can be made. The larger of the two
specimens (Figure 7b) is an incomplete fragment of body
chamber. It has an estimated whorl height of 125 mm.
It must be derived from a large genus that had a total
diameter of 300-400 mm. The broad, gently sinuous ribs
lacking tuberculation are suggestive of the ancyloceratid
Figure 7. External moulds of Aptian ammonoids from outcrops
of the glauconitic sandstone. a-partial remains of three
successive whorls of ?Australiceras sp. with prominently ribbed
tuberculate shell; x 0.5. b-partial remains of a single whorl
of'?Tropaeum sp. with coarse ribbing; x 0.39.
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ammonite Tropaeum, which is common in Cretaceous
deposits in Queensland (Etheridge 1909; Whitehouse
1926; Day 1974). Congeneric forms, held in the collec-
tions of the Western Australian Museum, also occur in
glauconitic beds at the top of the Butte Sandstone
(considered synonymous with the Birdrong Sandstone by
Johnstone et al. 1958) on Murchison House Station
(southern Carnarvon Basin). Brunnschweiler (1959) and
Ellis (1993) also recorded Tropaeum from the Windalia
Radiolarite in Western Australia.
While, as Klinger & Kennedy (1977) pointed out, it is
difficult to assign fragments of body chamber to any
particular species, the specimen from the glauconitic
sandstone in the Giralia Anticline is most reminiscent of
T. australe (Moore) from Queensland (see Etheridge 1892,
pI. 31, fig. 1, pI. 32, figs 3-4; Day 1974, pI. 1, fig. 1.
pI. 2, fig. 2). Tropaeum is a widely distributed genus,
having been found in, amongst other places, Russia,
Spitzbergen, Greenland, arctic Canada, California, Patago-
nia, Japan, southern Africa, as well as Australia. It has
only been recorded previously from the Aptian.
The second specimen (Fig. 7a) is more complete, con-
sisting of parts of three whorls. The inner whorl has a
preserved whorl height of about 25 mm, and shows
relatively sinuous, closely spaced, narrow ribs. These
bear three pairs of slightly elongate tubercles on each
rib-an umbilical, a lateral and a ventrolateral tubercle.
The next whorl has a whorl height of about 60 mm. The
ribs are closely spaced and quite narrow, but less sinuous
than those on the inner whorl. They bear only two sets
of tubercles on each whorl-an umbilical and a ventro-
lateral. Little is preserved of the outermost whorl, but,
while also having relatively closely spaced ribs, it appears
to lack any tubercles.
The large size of this· ammonite (with an estimated
diameter of 250-300 mm), combined with the charac-
teristic nature of the ornamentation, suggests that it may
be a species of Australiceras. The genus has been recorded
from the late Aptian (Doncaster Member of the Wallum-
billla Formation) of Queensland (Etheridge 1892, 1909;
Whitehouse 1926; Day 1974), and from the Windalia
Radiolarite of Western Australia (Ellis 1993). Like
Tropaeum it is a widespread, virtually cosmopolitan genus,
occurring in similar regions to Tropaeum. It has only
been recorded previously from the Aptian.
Marine reptiles. Reptilian bones have weathered out of
the surface exposures of the glauconitic sandstone. These
are mostly fragmentary specimens, but include some
well-preserved individual limb bones. The material in-
cludes some large vertebrae of an ichthyosaur (UWA
120176) as well as sauropterygian limb elements (UWA
120175).
The ichthyosaur vertebrae include remains of at least six
elements, of which only one (UWA 120176A) is relatively
complete. This specimen measures 100.5 mm wide by
98.4 mm high, and is 44 mm thick at the outer margin.
In cross-section the middle of the centrum is only 9.5 mm
thick. There are no neural arches or transverse processes
preserved, nor any sign of ventral paired foramina, which
typify plesiosaurians. The largest partial vertebra (UWA
120176B) measures 112 mm in diameter (maximum thick-
ness of 46 mm, minimum thickness only 9.6 mm) being
comparable in size with dorsals from the large Queensland
species Platypterygius longmani (Wade 1984, 1990). This
specimen also shows preservation of closely spaced rib
apophyses, very similar to that figured by Wade for
Platyptergius (Wade 1990, fig. 3B) and to indeterminate
ichthyosaur vertebrae described by Murray (1985) from
the upper Albian Mullaman Beds, near Darwin. At this
stage the Giralia Anticline specimens are referred to
Ichthyosauria indeterminate.
The reptilian limb elements (UWA 120175) comprise one
distal head of a propodial element and four small
phalangial bones. The head of the propodial is 94.5 mm
wide by 74.6 mm across, the articulatory surface being
quite rectangular. Unlike typical ichthyosaur humeri, the
specimen tapers rapidly to a narrow shaft, measuring
about 49.7 by 51 mm, suggesting that the bone was
relatively elongated, and thus more likely to represent a
plesiosaurian. The associated phalangial bones are poly-
gonal in outline with broad, rectangular articulatory faces,
and could belong to either an ichthyosaur or plesiosaur.
As the specimens were found in association from one
site it is most likely that they belong with the propodial
element and are plesiosaurian.
Fossil Wood. Scattered fossil wood is preserved within
the glauconite-rich beds. The wood has been perminer-
alised by silicates and phosphates, but virtually all organic
matter has been lost. Xylem cell walls, cell lumens, and
fungal hyphae are coated or infilled with cryptocrystalline
silica and fluorapatite (Figs 8k, 9g), similar to the
preservational sty Ie of Cretaceous woods from Alexander
Island, Antarctica (Jefferson 1987). The woods are typi-
cally fragmentary, seldom bigger than 50 em long and
17 em diameter, randomly oriented, and showing exten-
sive biogenic borings. Samples of permineralised wood
collected from surface exposures are strongly weathered
and have been infiltrated by iron-oxide and clay minerals.
Prominent growth banding is evident, but details of the
pitting arrangement on individual cell walls is often poorly
defined or absent. In most cases, the middle lamella
(initially consisting of pectinoid compounds between the
primary walls of adjacent cells) has been degraded,
producing a wood texture that appears to consist of
detached or partially detached tracheids. The cambium,
phloem, and bark tissues are invariably not preserved.
The primary xylem and pith are poorly preserved or
masked by iron oxides (Fig. 8c). Fractures in the wood,
generated by compaction, and cavities produced by mol-
luscan borers have been filled with glauconite and quartz
sand, chalcedony, or sparry calcite.
The fossil woods consist of secondary xylem tracheids,
showing seasonal variations in cell diameter and wall
thickness (Figs 8b,1). The small pith content of the plants
(pycnoxylic axes) suggests that the woods derive from
the dominant arborescent elements of the Australian Early
Cretaceous vegetation (viz. the podocarp or araucarian
conifers) rather than fern, pteridosperm, or cycadophyte
groups that typically contain a large proportion of pith
within the stem (manoxylic axes). Permineralised wood
belonging to podocarp and araucarian conifers is common
in Gondwanan Cretaceous sediments (Sahni 1931; Jeffer-
son 1983; Francis 1986; Frakes & Francis 1990; Francis
& Coffin 1992) and the foliage of these plants is abundant
in other Western Australian strata of this age (McLoughlin,
in press). The wood contains relatively sparse uniseriate
xylem rays 1-12 (av. 4) cells high. One group of woods
shows rays typically with four or fewer cells (Figs 8d,
f, j, m). A second group shows rays with between three
and twelve cells (Fig. 8g), but whether these populations
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represent separate species is uncertain. Uniseriate or rarely
biseriate bordered pits are sparsely evident on radial walls
of xylem tracheids (Figs 8h, i). Tangential walls are not
pitted. Owing to poor preservation, the details of pit
apertures and cross-field pit arrangements are not, or are
only rarely, discernible (Figs 8f, j, m) but the absence
of typically araucariacean closely spaced multiseriate
hexagonal bordered pits on radial tracheid walls (Greguss
1955) suggests that these Cretaceous woods have podo-
carpacean or cupressacean affinities.
Fungi within wood. Several fossil wood specimens show
evidence of local degradation of the xylem tissues. These
areas are typically represented by partly degraded cell
remains or cavities, which are circular, elliptical or
irregular in transverse section and spindle-shaped in
longitudinal profile. The cavities are up to 10 mm long
axially and 0.2-2.5 mm in diameter. The degraded areas
most commonly occur within the late wood immediately
before the outer margin of the growth band (Fig. 9a),
but may also be present in the early wood. In some cases,
the degradation of the wood has progressed to an extreme
stage, giving the wood a box-work or skeletal texture
(Fig. 9d, i). The cells surrounding the cavities mostly
show irregular broken walls, but excess lignification of
cells around the margins of the cavities also appears to
have occurred (Figs ge, k). The cavities are either vacant
(being filled only with secondary iron oxides or silica)
or contain ramifying weakly septate filaments (Figs 9b,
c, f, g, h, j, 1). No clamp connections were observed.
The filaments are up to 450 urn long and 4-15 urn wide.
The filaments branch irregularly (Fig. 9j), are often coated
with prismatic apatite crystals (Fig. 9g) or amorphous
silicates or phosphates (Figures 9c, f, j, 1), and appear
to contain irregularly spaced and poorly defined internal
septa (Fig. 9j). Filaments are often in intimate contact
with the degraded xylem cells of the cavity margin
(Figs 9b, 1).
Such filaments are morphologically similar to fungal
hyphae described from other fossil woods (Stubblefield
et al. 1985; Stubblefield & Taylor 1986, 1988). Moreover,
the spindle-shaped cavities produced by fungal sapro-
phytism in the studied woods correspond closely to the
style of decay evident in Australian and Antarctic Permian
glossopterid gymnosperms (Stubblefield & Taylor 1986;
McLoughlin 1992) and to white-pocket rot generated by
various basidiomycete fungi in modern angiosperm and
conifer woods (Blanchette 1980, 1984). White-pocket rot
is also characterised by the destruction of the middle
lamella and separation of cells, a feature previously noted
as being extensive within these Cretaceous woods. The
causes of the concentric distribution of pockets within
the Permian, Cretaceous, and modern woods remain
unresolved, although they may relate to seasonal fluctua-
tions in the saprophytic activity of the fungi, seasonal
physiological susceptibility of the host plants, or the
saprophyte's preference for lignin-rich late wood cells.
No evidence of wall appositions or callosities (Aist 1976)
was seen within individual cells, but strong lignification
of the margins of the fungal-degraded cavities may
represent a host response limiting pathogen spread.
Saprophytic fungal remains have not previously been
reported from Australian Cretaceous woods, although
epiphyllous fungi and dispersed fungal spores have been
recorded (e.g. Douglas 1969, 1973; Dettmann 1985). No
fruiting bodies have been clearly identified with the fungal
filaments, although some cavities show hyphae associated
with darkened spherical bodies, ca. 30 urn diameter, which
may represent sporangiate organs (Fig. 9b). However, no
individual spores are evident within these bodies. Al-
though morphological and anatomical details are few,
such records contribute to the relatively meagre fossil
record of fungi and add to knowledge of the evolution
and ecological roles of decomposer organisms through
time.
Ichnofossils in wood. Much of the fossil wood found in
the glauconitic sandstone beds in the Giralia Anticline
shows evidence of clavate borings within the woods.
Clavate borings in woody substrates are referred to the
ichnogenus Teredolites Leymerie and are distinguished
from morphologically similar borings in lithic substrates
assigned to Gastrochaenolites Leymerie. Cohesive linings
of Teredolites borings are sometimes distinguished under
Teredolithus Bartsch.
Borings in the studied wood are club-shaped, circular in
cross-section, expanding from 0.5 to 1 mm in diameter
at the outer margins of the wood to maxima of 13 mm
in diameter near the base of the excavation. Cavities
reach in excess of 8 em in length. Borings may be straight
or more commonly sinuous or variably contorted
(Fig. lOa). The sizes, shapes, and degree of contortion
of the borings appears to be strongly controlled by the
thickness and shape of the woody substrate. The lower
(widest) end of each cavity is broadly rounded. Borings
very rarely touch or intersect. The cavities are lined by
a thin «0.1 mm) veneer of calcareous material, which,
in many cases, has been removed or replaced by silica
or iron oxides. The borings are typically filled by
glauconitic and quartzose sand (Fig. lOb) or by sparry
calcite and siliceous precipitates. Bioglyphic ornaments
are not apparent on the exposed walls of lined borings,
although faint xenoglyphs of the wood grain are sometimes
preserved.
Two common species of Teredolites were recognised by
Figure 8. Photomicrographs of anatomical features and growth characteristics of fossil woods from the outcrops of glauconitic
sandstone. a-transverse thin-section of wood, showing variable ring dimensions; UWA120187; x 20. b-transverse thin-section,
showing transition from small thick-walled cells of late wood (lower) to large thin-walled cells of the succeeeding early
season wood (upper); UWA120186; x 100. c-transverse thin-section of pith, showing poor preservation of primary tissues
and masking by opaque iron oxides; UWA120233; x 55. d-tangential longitudinal thin-section of wood, showing uniserial
rays of 1-4 cells; UWA120199; x 137. e-transverse thin-section of wood, showing development of false growth ring (arrowed);
UWA120186; x 40. f-radial longitudinal thin-section of wood, showing ray cells with poorly defined circular cross-field
pits; UWA120232; x 275. g-tangential longitudinal thin-section of wood, showing uniseriate rays with up to nine cells per
ray; UWA120217; x 275. h-radial longitudinal thin-section of wood, showing uniseriate circular pits on tracheid radial
walls; UWA120232; x 275. i-radial longitudinal thin-section of wood, showing uniseriate or rarely biseriate circular to
elliptical pits on tracheid radial walls. Pit apertures rarely preserved; UWA120231; x 275. j-radial longitudinal thin-section
of wood, showing rays rarely preserving cross-field pits;UWA120187; x 275. k-tangentiallongitudinal thin-section of wood,
showing tracheid walls coated by silicate or phosphate minerals; UWA120217; x 275. I: Transversesection of a permineralised
log, showing relatively uniform growth rings, except where disrupted by a branch trace (arrowed); UWA120192; x 0.8.
m-radial longitudinal thin-section of wood, showing 1-4 celled vascular rays; UWA120187; x 100.
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Figure 10. Infillings of molluscan borings (Teredo lites longis-
simus) within Early Cretaceous conifer woods from the
outcrops of glauconitic sandstone. a-external view of a
weathered permineralised log, showing club-shaped borings,
which commonly twist at right angles where borings reach
opposite margin of log; UWA120235; x 0.9. b-transverse
section of wood, showing borings with a thin calcite lining
infilled by glauconite and quartz sand; UWA120208; x 2.
Kelly & Bromley (1984), based on the length:width ratio
of the cavities and the orientation of the borings with
respect to the wood grain. Teredolites clavatus Leymerie
has a length:width ratio of <5, is usually straight, typically
oriented perpendicular to the wood grain, and is recog-
nised in Jurassic to recent woods. Borings of this type
are produced by the modern pholadid bivalve Martesia.
Teredolites longissimus Kelly & Bromley has a
length:width ratio >5, is commonly sinuous or contorted,
predominantly orientated parallel to the wood grain, and
is recognised from Cretaceous to recent substrates. Modern
borings of this type are produced by the bivalve Teredo.
The present wood specimens contain borings falling into
both categories with a complete intergradation. Borings
typically initiate perpendicular to the wood, but, owing
to constraints of the substrate, commonly twist and extend
parallel to the grain during later stages of development.
Kelly (1988) also found intergradation between these
categories when describing borings in Cretaceous Ant-
arctic woods. The differentiation of the above species of
Teredolites may be invalidated by the occurrence of the
described intergradational forms. However, important
palaeoecological information may be gained where dis-
crete populations of short and long borings are recognised,
as short borings are often produced by filter feeders,
whereas long excavations are typically generated by
bivalves with a wood-digesting caecum (Kelly 1988).
None of the present wood borings appears to contain the
shell of the original excavator organism. Early and Late
Cretaceous woods from marine sediments of Alexander
and James Ross Islands near the Antarctic Peninsula do
contain remains of bivalve borers belonging to various
representatives of the family Pholadidae (Kelly 1988).
Similar borings are also produced by teredinid bivalves
and isopods (Plint & Pickerill 1985), but attribution of
simple borings in fossil woods to genera or families of
borer organisms is impossible without the preservation
of the borer's skeletal remains.
Correlation between outcrop and Giralia No 1
section
Based on regional lithostratigraphy and biostratigraphy,
the outcropping glauconitic sandstone beds are clearly
lower than the Windalia Radiolarite. In Giralia No.1,
about 15 km north of the outcrop area, two Cretaceous
sandstone units are present below the Windalia Radio-
larite-the basal Birdrong Sandstone, unconformably
overlying Permian strata, and the sandstone unit (probable
Windalia Sand Member) between the Muderong Shale
and the Windalia Radiolarite.
In terms of rock type, the outcropping sandstone corre-
sponds more closely to the upper Birdrong Sandstone
than to the 'Windalia Sand Member' in the Giralia No.1
section. The 'Windalia Sand Member' in the well, as
originally described by Johnstone (1955) and observed
by us in cuttings, is a very fine quartz-glauconitic sand
which lacks the coarser grained components present in
some of the outcrop beds. The 'Windalia Sand Member'
is overlain by the Windalia Radiolarite, which weathers
to a resistant porcellaneous siliceous rock in outcrop. The
mapped sandstone beds are apparently overlain by a
friable unit (probably the Muderong Shale) which has
been intensely weathered and eroded (Fig. 6).
The lithostratigraphic correlation is tentative, however,
because of the divergent chronostratigraphic determina-
tions obtained from the ammonites in outcrop (tentatively
identified, but suggesting an Aptian age) and from the
Figure 9. Photomicrographs of fossil wood from the outcrops of glauconitic sandstone, showing aspects of fungal decay and
phosphatic permineralisation. a-transverse thin-section of wood, showing development of fungal-degraded pockets in
late-wood tissues; UWA120186; x 20. b-transverse thin-section of pocket in wood, showing ramifying fungal hyphae coated
by phosphates or silicates; UWA120186; x 100. c-enlargement of fungal hyphae in Fig. 9b; x 1000. d-transverse section
of wood, showing advanced pocket rot; UWA120231; x 2. e-transverse thin-section of wood, showing early stages of cell
degradation in the development of pocket rot; UWA120221; x 27.5. f-transverse thin-section of pocket within wood, showing
thin, dark, fungal hyphae coated by amorphous phosphates or silicates; UWA120232; x 275. g-transverse thin-section of
pocket within wood, showing fungal hyphae and walls of pocket coated by apatite crystals; UWA120187; x 275. h-radial
longitudinal thin-section of wood, showing part of a spindle-shaped pocket traversed by numerous fungal filaments;
UWA120232; x 55. i-transverse thin-section of wood, showing advanced fungal decay with coalescing pockets; UWA120232;
x 27.5. j-transverse thin section of pocket in wood, showing branched, septate?, fungal hyphae (arrowed); UWA120232; x
275. k-transverse thin-section of pocket margin in wood, showing thickening of cell walls and infilling of lumens in cells
surrounding the pocket; UWA120221; x 137. I-transverse thin-section of pocket within wood, showing fungal hyphae coated
by amorphous phosphates or silicates; UWA120232; x 275.
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dinoflagellates in the well section (suggesting a late
Hauterivian-early Barremian age). The ammonite deter-
minations must be viewed with considerable caution
because: (1) the identifications are based on two frag-
mentary specimens which represent only small portions
of external moulds; (2) the Australian ammonoid fauna
of the Hauterivian-Barremian is very poorly known; and
(3) the knowledge of the stratigraphic ranges of Tropaeum
and Australiceras in the Australian region is based mainly
on rare and scattered records in the Surat, Eromanga, and
Carpentaria Basins, where marine conditions suitable for
ammonite habitation existed only during the late Aptian
and Albian.
Seismic coverage across the region is also difficult to
interpret, because of the large number of faults shown
in the seismic profiles (R. Bunt, pers. comm. July 1994).
The stratigraphic position of the sandstone outcrops may
be solved only by drilling through these beds to determine
the stratigraphic succession and the presence of Permian
strata beneath the unit.
For the present, we think that the outcropping sandstone
belongs to the upper part of the Birdrong Sandstone, as
it is recognised in this region, rather than to a higher
unit. We believe the outcrop represents the uppermost
indurated section of the Birdrong Sandstone seen in
Giralia No.1, which has been exposed by the erosion of
friable Muderong Shale. The glauconitic beds may be
better placed with the Mardie Greensand (Hocking et al.
1988) rather than with the upper Birdrong Sandstone, but
further work needs to be done on time-facies relationships
in the region before this correlation can be confirmed.
Climate and bathymetry
Growth analysis of fossil wood related to climate
Introduction. Modern trees growing in high-latitude
seasonal climates show distinctive banding in their wood,
whereas trees in humid tropical climates typically show
only minor or no banding (Richards 1952), although there
are some exceptions (Creber & Chaloner 1984). The
similar range of growth patterns evident in fossil woods
has been used to interpret past climatic conditions
(Chaloner & Creber 1973; Fritts 1976). A number of
environmental factors may influence the periodic and
total production of carbohydrates which are ultimately
reflected in the growth increments of a plant's woody
tissues. Such factors include: length of season and day,
radiation intensity and solar periodicity, temperature,
water supply, mineral nutrient supply, atmospheric hu-
midity, storm damage, herbivore and parasite attack,
inter-plant competition, the orientation (lean) of the plant,
volcanic ash fall, substrate instability, and palaeoseismic
damage (Fritts 1976; Creber & Chaloner 1984; Sheppard
& Jacoby 1989; Kurths et al. 1993; Filion & Quinty
1993). Ideally, palaeoclimatic interpretations based on
plan t growth indices should be derived from
autochthonous stumps of the same species positioned
relatively close together so that many of the competing
environmental factors will apply to all specimens. In this
study, forty-eight allochthonous permineralised conifer
logs were analysed from outcrops of the glauconitic
sandstone. The logs, deposited under marine conditions,
had clearly been transported from relatively distant ter-
restrial environments and had been subjected to intense
boring by pholadid or teredinid bivalves. Hence, it is
possible that the wood samples were derived from a range
of hinterland habitats. Nevertheless, a study of the growth
parameters of these Early Cretaceous woods was deemed
worthwhile for comparison with similar studies of fossil
wood from roughly coeval strata in South Australia and
Antarctica (Jefferson 1983; Francis 1986; Frakes &
Francis 1990).
Growth features. Several qualitative and quantitative
measures have been established for analysing growth
bands in assessing palaeoclimate (Chaloner & Creber
1973; Fritts 1976; Creber 1977; Creber & Chaloner 1984,
1985). Simple qualitative considerations include the rec-
ognition of growth rings and their degree of prominence
within the plant axis. Quantitative analysis includes
measurement of growth-ring widths, relative proportions
of early and late wood production, variation in size
between the cells of early and late wood, the number of
cells produced per season, and several measures of
variation of ring widths between seasons. The variability
of growth rings in successive seasons probably offers the
most valuable information about past climatic conditions.
Annual sensitivity is a measure of the difference in width
between a pair of consecutive growth bands divided by
their average width (Creber 1977). Mean sensitivity (Fritts
1976) is a measure of the average of these values for
each tree, and provides an indication of the plant's growth
response to variable climatic factors [see Jefferson (1983)
or Francis (1986) for calculation method]. Trees having
a mean sensitivity measure of <0.3 are considered 'com-
placent' and probably grew under climates of low inter-
seasonal variability. Those having mean sensitivities >0.3
are regarded as 'sensitive' and probably grew under more
variable climatic conditions. Growth rings of the studied
woods were measured on cut and polished slabs under a
dissecting microscope and in petrographic thin sections.
Where possible, measurements of growth rings were taken
along a single radius, although patches of poor wood
preservation necessitated continuation of some measure-
ments along adjacent radii.
Forty-eight wood specimens, 2.2-17 em in diameter and
showing 5-117 growth bands, were collected and exam-
ined from the exposures of glauconitic sandstone (iden-
tified as uppermost Birdrong Sandstone) in the Giralia
Anticline. These Early Cretaceous woods show distinctive
seasonal growth banding (Fig. 81), a feature common to
other Australian and Antarctic woods of this age. Widths
of growth rings within the studied woods vary from
0.033 mm to 12.340 mm and averages for individual axes
are in the range 0.177-9.390 mm. Some woods show
relatively little interseasonal variability, whereas others
show marked fluctuations in wood production between
seasons (Figs 8a, 11). The variation between the narrowest
and broadest growth increments for individual axes ranges
from 154% to 7367%. Woods display mean sensitivity
measurements ranging from complacent to mildly sensitive
(0.148-0.673) with the average mean sensitivity (0.348)
falling within the 'sensitive' field (Figs 11, 12). Annual
sensitivity measurements range from 0 to 1.765. Most
ring couplets plot within the 0-0.3 'complacent' growth
field (Fig. 13), although some woods show a broad spread
of annual sensitivity measurements, indicative of irregular
but marked growth fluctuations. Some annual sensitivity
histograms appear to show a small subsidiary peak in
ring couplet variability around 0.3-0.7 (Fig. 13). Whether
this is due to a regular periodicity in climatic variability
or to some other factor, such as sporadic pathogen attack,
is indeterminate.
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Certain axes show differential production of wood around
the circumferenceby as much as 500%, which may reflect
responses to localised environmental factors, including
shading, tree leaning or production of the wood in a
lateral branch rather than a vertical stem. Indeed several
specimens display obvious branching. All ring measure-
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Figure 11. Plots of the variation in growth- ring widths for selected fossil woods from the outcrop area, showing examples
with mean sensitivity ranging from strongly complacent to strongly sensitive. MS = mean sensitivity; ARW = average ring
width.
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Mean sensitivity
Figure 12. Histogram of the frequency of mean sensitivity
values recorded for woods from the outcrop area.
ments were taken from the main axis of each specimen
in areas away from branch traces. False growth rings are
produced in modern trees by adverse environmental
conditions during the normal growth season. They show
gradual reduction in cell diameters followed by gradual
increases and are differentiated from true growth rings,
which show abrupt transitions between the narrow thick-
walled cells of the late wood and the broad thin-walled
cells of the early wood of the succeeding season. Although
they are uncommon in the studied woods, sporadic false
growth rings are present in some axes (Fig. 8e).
The variation in width of growth bands within and between
the wood samples also corresponds to considerable vari-
ation in the number of cells produced per band. Broad
growth rings on some specimens may have more than
300 cells per band, while some specimens show narrow
growth increments with as few as 10 cells per season.
Early and late wood cells are readily distinguished by
the latter's smaller size and thickened walls. Early wood
typically represents 80-90% of growth bands. Within
individual growth bands, radial cell diameters are typically
25-45 urn in the early wood to just 5-10 urn in the late
wood. Cells produced at the end of each growth season
show almost complete occlusion of the cell lumens
(Figure 8b). Cell walls are 2-4 urn thick in the early
wood to 2-6 urn in the late wood.
Early Cretaceous woods from the Antarctic Peninsula
have relatively wide and uniform growth rings (average
annual ring widths of 0.99-5.57 mm and low mean
sensitivities of 0.125-0.239) and seem to reflect condi-
tions similar to those experienced by the temperate
araucarian conifer and deciduous Nothofagus forests to
the north of the modern Magellanic rainforests of southern
Chile (Francis 1986). Similar-aged woods from Alexander
Island show broad, but more variable, growth rings (mean
ring widths up to 2.5 mm, with sporadic large rings up
to 9.55 mm wide, and mean sensitivities of 0.4-0.45)
suggesting more significant fluctuations in climatic con-
ditions between growth seasons (Jefferson, 1983). Jeffer-
son (1983) likened such growth parameters to those of
Phyllocladus species presently growing in New Zealand
and Tasmania, where light availability has an important
limiting affect on growth. Francis (1986), emphasising
the difference in mean sensitivities between the Antarctic
Peninsula and Alexander Island woods, suggested that
the highly variable growth patterns of the latter group
may represent the marginal limits of the Cretaceous
Antarctic Peninsula forests.
configurations is still disputed (Dalziel & Elliot 1982;
Lawver et al. 1985; Wilson et al. 1989).
Although Early Cretaceous permineralised gymnosperm
axes from the Gippsland and Otway Basins show promi-
nent seasonal banding (Douglas & Williams 1982), no
detailed analyses of the growth rings are yet available.
Eromanga Basin allochthonous fossil coniferous woods
show average annual ring widths of 0.34-4.53 mm and
mean sensitivities of 0.104-0.366, the vast majority
having complacent mean sensitivities of <0.3 (Frakes &
Francis 1990). However, Frakes & Francis (1990) noted
two distinct populations in their samples: one (popula-
tion A) with consistently narrow rings, <1 mm wide and
an average mean sensitivity of 0.157, and another (popu-
lation B) with uniform rings about 2 mm wide and an
average mean sensitivity of 0.202. No false growth rings
were noted in the Eromanga Basin woods. Frakes &
Francis (1990) interpreted the population distinctions in
their fossil assemblages as a result of the woods being
derived from vegetation sources growing under different
hinterland climatic settings. They compared their narrow-
ringed woods to growth patterns witnessed in the modern
cool-temperate evergreen Nothofagus forests of Magel-
lanic Chile, where relatively uniform rainfall and consis-
tently low temperatures support trees showing narrow but
very regular growth rings. They compared the second
population with broader, though still relatively uniform,
growth rings to cool temperate (microthermal) forests of
modern New Zealand and Tasmania. By contrast, Late
Jurassic conifer woods associated with evaporitic sedi-
ments in southern England (basal Purbeck Formation)
show prominent false growth rings, average true ring
widths of 0.52-2.28 mm, and high mean sensitivities in
the range of 0.290-0.788 (average: 0.527) comparable to
wood growth in climatically variable 'Mediterranean'
vegetation types (Francis 1984).
The Carnarvon Basin woods, having growth rings of
0.0333-12.339 mm (average 0.305-9.390 mm) and aver-
age mean sensitivities of 0.348, fall between the compla-
cent growth values shown by the 'population B' Eromanga
Basin woods and the sensitive growth parameters dis-
played by the Alexander Island woods. The Giralia
Anticline woods show considerable variation in mean
sensitivities from complacent to strongly sensitive values,
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Palaeoclimatic implications. The collection of forty-eight
specimens provides a fair representation of the variation
in fossil wood growth patterns found among specimens
preserved in the glauconitic sandstone beds within the
Giralia Anticline. Other assemblages of Early Cretaceous
fossil wood from the Australia-Antarctica region (then a
connected landmass) include those from the Otway and
Gippsland Basins (Douglas & Williams 1982), the Ero-
manga Basin (Frakes & Francis 1990), the Carpentaria
Basin (White 1961), Alexander Island (Jefferson 1983,
1987), and the Antarctic Peninsula (Francis 1986). Early
Cretaceous woods from all of these localities display
marked seasonal banding as might be expected in high-
latitude floras, although the few illustrated Carpentaria
Basin woods (White 1961) also appear to show abundant
false growth rings typical of more erratic climatic con-
ditions. Palaeomagnetic data indicate latitudes of 75-85°
for the Gippsland and Otway Basins, 65-75° for the
Eromanga Basin, and around 45-50° for the Carnarvon
basin during the Early Cretaceous (Veevers et al. 1991).
Suggested palaeolatitudes for Alexander Island and the
tip of the Antarctic Peninsula are 70-80° and 60-70°
respectively (Jefferson 1983; Francis 1986), although
these were tectonically active regions during the Creta-
ceous and their precise position within Gondwanan plate
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probably reflecting their origin from a range of hinterland
habitats. Taking into account the palaeolatitude of the
Carnarvon Basin, the sporadic presence of false growth
rings, the range in seasonal growth ring widths, and the
relatively high average mean sensitivity measure, a sea-
sonal mesothermal conifer-dominated vegetation is envis-
aged for the basin hinterland during the Early Cretaceous.
Fluctuations in climatic conditions may have been slightly
more irregular than in areas peripheral to the higher
latitude epicratonic Eromanga Basin. Early Cretaceous
macrofloras from the Perth, Carnarvon, and Canning
Basins of Western Australia are dominated by araucarian
and podocarp conifers, cycadophytes, pteridosperms,
ferns, and isoetalean lycophytes (McLoughlin, in press).
Many of the taxa have affinities to families and genera
living in modern humid warm temperate (mesothermal)
southern hemisphere forests (McLoughlin, in press). Other
assemblages of Early Cretaceous fossil wood occur further
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Figure 13. Histograms of the frequency of annual sensitivity values recorded for ring couplets in selected fossil woods from
the outcrop area.
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to the south, in exposures of the 'Birdrong Sandstone'
at Kalbarri and in the coeval Dandaragan Sandstone of
the Perth Basin (Simpson 1912). Further studies of the
Western Australian, Gippsland, and Carpentaria Basin
fossil woods would better resolve their botanical affinities
and growth patterns and would enhance understanding of
Australian Early Cretaceous climates.
Bathymetric interpretation
The main criteria used to interpret the palaeobathymetry
are (1) sedimentary features, (2) foraminiferal facies, and
(3) microplankton abundances. The transition from quartz-
rich sandstone (lower Birdrong Sandstone) through glau-
conite-rich sandstone (upper Birdrong Sandstone) to
carbonaceous siltstone and mudstone (Muderong Shale)
suggests that bathymetry changed during deposition of
the Birdrong-Muderong sequence. The change is reflected
also by variations in foraminiferal assemblages and in
the relative abundance of marine dinoflagellates and
acritarchs among the palynomorphs.
Lower Birdrong Sandstone. Dinoflagellates and acritarchs
constitute about 23% of the palynomorph assemblage in
Core 10 of Giralia No.1, but, because of caving evident
in the sample, this figure is inherently unreliable. Nev-
ertheless, it seems that marine palynomorphs form a
relatively small part of the assemblage compared with
higher samples, and this may reflect shallower water
conditions. Permian spores and pollen constitute 1-2%
of the palynomorph assemblage in Core 10 (lower Bir-
drong Sandstone) and may reflect reworking of the unit
exposed on the transgressive surface.
Upper Birdrong Sandstone. Core 7 in Giralia No.1 gave
a sample with 39% dinoflagellates and acritarchs, which
suggests continuing shallow marine conditions. The abun-
dance of glauconite, the presence of occasional ripples,
and the 30-80 em thickness of the beds support a shallow
marine origin for the upper Birdrong Sandstone. Following
the facies models outlined in Reading (1978) and Reineck
& Singh (1980), all three facies described from outcrop
on Cardabia Station represent transgressive, foreshore
deposits, from the upper shoreface (ripples in parts of
our 'Facies 1 ') to lower shoreface (strong bioturbation,
high glauconite contents in our 'Facies 2').
Greensands often have phosphorite associated with them,
although the phosphate does not often replace wood
(Pettijohn 1975, p. 427-434; Odin & LeTolle 1980). In
such cases, the seawater in the depositional environment
is considered to have been oxic, while the sediment was
somewhat anoxic with a slightly lowered pH (McRae
1972; Pettijohn 1975, p. 427-434). Such a setting, coupled
with the low depositional rates associated with these
facies, suggests some restriction of the bottom-water
circulation to fully open marine waters. The presence of
robust siliceous agglutinated foraminifera of the benthonic
Ammobaculites Association also supports the interpreta-
tion of restricted bottom-water conditions (based on the
facies model of Haig & Lynch 1993).
The ammonites present in the outcropping glauconitic
sandstone beds (upper Birdrong Sandstone) are probably
posthumous drifters washed in from the open sea to their
shoreface burial site. The wood, much with Teredolites
borings, represents driftwood washed from hinterland
localities into the sea, and stranded in the shoreface
deposits.
Pholadid bivalves and Teredolites borings have been
recorded from modern and ancient deep marine to fluvial
sediments in tropical to cool temperate latitudes (Wrigley
1929; Turner & Johnson 1971; Turner 1972, 1973; Howard
& Frey 1984; Plint & Pickerill 1985). Their association
with other marine fossils and glauconitic sediments
implies a marine depositional setting in this instance.
Bromley et al. (1984) established the term 'Teredolites
ichnofacies' for consolidated xylic (persistent peat or
coal) substrates showing abundant Teredolites borings in
?high energy marine environments. As the present fossil
axes occur as dissociated driftwood fragments, they do
not conform precisely to the definition of a 'woodground'
as proposed by the above authors, and their bathymetry
and hydrodynamic energy levels at deposition are uncer-
tain. As in some other cases (e.g. Savrda 1991) the studied
woods, together with vertebrate remains and ammonoids,
appear to be concentrated in a relatively thin interval
«6 m) in this case at the top of the formation. Such
accumulations of dispersed woody material have been
described as 'log-grounds' by Savrda (1991) and are
common features of transgressive systems tracts. The
exceptional wood accumulations result from three chief
processes during trangressive pulses: (1) inundation of
subaerially exposed coastal settings and consequent influx
of wood to marine environments, (2) hydraulic concen-
tration of previously bored and buried xylic substrates
by coastal erosion, exhumation, and redeposition of the
woods, and (3) preferential landward trapping of sedi-
ments and sediment starvation seawards, resulting in
accumulations of driftwood in offshore areas where they
are not diluted by clastic sediments (Savrda, 1991).
Our findings support previous interpretations of the
Birdrong Sandstone at other localities as a basal trans-
gressive sand (e.g. Parry 1967; Hocking et al. 1987;
Malcolm et al. 1991).
Muderong Shale. In contrast to the underlying Birdrong
Sandstone, the lower Muderong Shale in Giralia No. 1
lacks glauconite and quartz sand, and apparently does
not contain shelly macrofossils or large wood fragments
(although millimetre-size pyritised wood debris and car-
bonaceous flecks are abundant). It is considered to be an
offshore deeper water deposit than the Birdrong Sand-
stone.
Foraminifera are common in the Muderong Shale, but
belong to a low diversity assemblage of siliceous agglu-
tinated types characteristic of the benthonic Ammobacu-
lites Association (Haig 1979a). As noted above, the
assemblage is typical of that found in the Ammobaculites
australis and Lingulogavelinella albiensis Biofacies (Haig
1979; Haig & Lynch 1993) in the eastern Australian
epeiric basins, and may be part of the L. albiensis
Biofacies from which the calcareous hyaline components
have dissolved. The foraminiferal assemblage suggests
that water depths remained shallower than 50 m during
Muderong Shale deposition. In the Giralia 1 section, the
first appearance of radiolarians at a position about 10 m
above the base of the formation and a slight increase in
proportions of dinoflagellates and acritarchs among the
palynomorphs (from 31 % in a near basal sample to about
50% or more in samples about 8-15 m above the base)
may indicate that water depths increased slightly during
deposition of the lower Muderong Shale. The lack of a
shelly macrofauna, the presence of the Ammobaculites
Association of foraminifera and the preservation of
organic debris suggest that dysaerobic or anaerobic
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conditions existed on the seafloor and within the sediment.
The organic debris may have been washed out to sea in
sediment plumes coming from hinterland rivers. Slightly
brackish water conditions are suggested by the foraminif-
eral association.
The fine sandstone unit between 30 and 40 m in Giralia
No. 1 (tentatively correlated with the Windalia Sand
Member by Hocking 1990) probably represents reappear-
ance of the shoreface facies, because of the presence of
sand-size quartz and glauconite. As explained below, we
are unsure of the relationship of the sandstone unit to
the Muderong Shale.
Correlations of Birdrong-Muderong
sequence
Sequence recognition
In the Giralia Anticline study area, the Birdrong Sandstone
is recognised as a transgressive systems tract, based on
its stratigraphic position and the changes in bathymetry
outlined above. The base of the unit, overlying an erosion
surface cut into Permian strata, probably belongs within
the upper Hauterivian-lower Barremian. The transition
through the upper Birdrong Sandstone to the lower
Muderong Shale reflects retrogradation of the shoreface
facies. According to the dinoflagellate zonation (viz.
Muderongia australis Zone), the transition in Giralia
No. 1 well lies within the late Hauterivian-Barremian.
The lower 20 m of the Muderong Shale belongs also
within the Muderongia australis Zone of late Hauterivian-
Barremian age. The age of the upper siltstone-mudstone
part of the Muderong Shale in the study region has not
been determined, because of a lack of uncontaminated
samples. A slight increase in sediment accommodation
space occurred during initial deposition of the Muderong
Shale, but most of the unit seems to have accumulated
in an aggradational setting as part of a highstand systems
tract (with water depths remaining less than 50 m).
The fine sandstone unit between typical Muderong Shale
and the Windalia Radiolarite in the Giralia No. 1 well
section may represent either progradation of the shoreface
facies (as the terminal part of the highstand systems tract)
or the basal part of a transgressive systems tract overlying
the Birdrong-Muderong sequence. We have insufficient
data to resolve this problem.
The Windalia Radiolarite is late Aptian in age, at least
in the lower 15 m, and represents a younger sequence
(mainly highstand systems tract) overlying the Birdrong-
Muderong sequence.
Correlations to other western Australian basins
The dinoflagellate and acritarch succession from the
Birdrong Sandstone and Muderong Shale in Giralia No.1
is comparable to that previously described in the western
margin basins of Australia. At ODP Site 765 on the Argo
Abyssal Plain, 850 km north-northeast of Giralia No.1,
Helby & McMinn (1992) described a section ranging
from the Berriasian to Aptian. The M. australis to D.
davidii Zone interval at this site, dated as late Hauterivian
to late Aptian, appears to be continuous and is approxi-
mately 200 m thick. It is closely comparable with the
succession in Giralia No.1, although with a much higher
microplankton to spores-pollen ratio. Dating of the ODP
Site 765 section is supported, in part, by nannofossils,
radiolarians and foraminifers.
Shorter intervals with M. australis Zone were described
from Vinck No. 1 (350 km northwest of Giralia No.1)
between 1949.8 and 1989.1 m by Stover & Helby (1987a),
and from Houtman No.1 (650 km south of Giralia No.1)
between 753.5 and 761.3 m by Stover & Helby (1987b).
In Houtman No. 1 only the lowest sample contains C.
transitoria and S. attadalense.
Further south, in the Vlaming Sub-basin and Dandaragan
Trough of the Perth Basin, Backhouse's (1987, 1988) B.
jaegeri and F monilifera Zones are age equivalents of
the M. australis Zone and represent the maximum onlap
of pre-Albian sediments in the onshore Perth Basin. C.
transitoria and S. attadalense do not range above the
lower part of the B. jaegeri Zone (::: lower M. australis
Zone; Backhouse, 1988), thus mirroring the situation in
Houtman No.1 and Giralia No. 1.
Undoubtedly, the M. australis Zone represents a signifi-
cant transgressive marine unit along the west coast of
Australia. It also extended over some of the inland
basins-as far as Browne No. 1 in the Officer Basin
(Kemp 1976; Morgan 1980a; Backhouse 1988) and, less
certainly, into the central Eucla Basin in Madura No. 1
(Ingram 1968; Backhouse 1988).
Correlations to eastern Australian basins
According to the palaeogeographic compilations of Frakes
et al. (1987) and Dettmann et al. (1992), a major marine
transgression during the late Valanginian through Barre-
mian covered large tracts of the Carpentaria, Eromanga,
and Surat Basins in eastern Australia, and portions of the
Canning-Officer-Eucla Basins in the western sector of
the continent. The marine transgression commenced dur-
ing the Valanginian, more-or-less coincident with the
transition from shoreface sands to marine shale in deeper
parts of the Carnarvon Basin on the western margin of
the continent and with the base of the marine Ieru
Formation in the Papuan Basin on the northern continental
margin. A major transgressive pulse occurred during the
late Hauterivian-Barremian (time of the M. australis Zone
and the oldest Giralia sequence) with a significant increase
in the submerged continental area. A more extensive
marine transgression took place during the late Aptian
when radiolarian-rich marine muds covered about 60%
of continental Australia (Ellis 1993; Haig & Barnbaum
1978; Haig 1979b); and a further significant transgressive
pulse occurred during the late early Albian (Haig & Lynch
1993), when the deepest water developed in the epeiric
basins.
The Birdrong-Muderong sequence of the Giralia Anticline
correlates with parts of the Bungil Formation (Kingull
Member) in the Surat Basin (Helby et al. 1987, based
on presence of F wonthaggiensis Zone of Valanginian to
earliest Aptian age), middle to upper parts of the
Cadna-Owie and Gilbert River Formations in the Ero-
manga and Carpentaria Basins (Burger 1986; first trans-
gression-regression cycle of Morgan 1977, 1980b); and
the upper Alene Member in the Ieru Formation of the
western Papuan Basin (Phelps & Denison 1993; Granath
& Hermeston 1993). It coincides with the upper part of
the K1 Sequence of Valanginian to ?early Aptian age
recognised by Welsh (1990) in the western Papuan Basin.
Welsh's (1990) Cassiculosphaeridia magna Zone (roughly
equivalent to the Ascodinium cine tum Zone of Helby et
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a1. 1987), which overlies the Muderongia australis Zone,
is missing in many wells in the western Papuan Basin.
According to Welsh (1990), the K1 Sequence is overlain
by the late Aptian to early Albian K2 Sequence (Juha
Member of Ieru Formation).
There seems to be broad correspondence in the strati-
graphic patterns in most of the basins. The Birdrong-
Muderong sequence coincides with an increasing marine
influence in sandy units of the same age in the epeiric
basins of eastern Australia. The transition from the
Birdrong-Muderong sequence (late Hauterivian-Barre-
mian) to the late Aptian-early Albian Windalia Radiolarite
in the Giralia Anticline is mirrored in the change from
the basal sandy units to the mud-dominated Wallumbilla
Formation in the Surat, Eromanga and Carpentaria Basins
in eastern Australia and the succession from K1 Sequence
to K2 Sequence in the western Papuan Basin.
Precise correlations, within an accuracy of less than
1 m.y., between the Australian basins are hampered by
a lack of fine biostratigraphic control for the Hauterivian
to Barremian in the region. The dinoflagellate Muderongia
australis Zone ranges from late Hauterivian through the
Barremian (Helby et a1. 1987; Partridge & Helby 1988),
spanning about 3.5 m.y. according to the time scale of
Haq et a1. (1988), although tentative informal subdivisions
of the zone are now being developed. The associated
spore pollen zones (viz. the Balmeiopsis limbata Zone
in western Australia and the Foraminisporis wonthag-
giensis Zone in northern Queensland and the Papuan
Basin) are stratigraphically much broader (Helby et a1.
1987). The foraminiferal assemblages from this interval
are of low diversity and fall below the Aptian-Albian
zonation established within the northeastern epeiric basins
by Haig (1979b). Nannofossils have not been recorded
in the Hauterivian-Barremian of the present-day onshore
Australian basins. The macrofossil. record is sparse and,
in northeastern Australia, is dominated by endemic bi-
valves.
Eustasy
As Powis (1993) noted, many Australian biostratigraphic
and seismic data were used by the Exxon group to establish
the cycle chart of Haq et a1. (1987). Because of the
possibility of circular deduction, caution is required when
using this chart as an aid to Australian sequence corre-
lation. The Birdrong-Muderong sequence of the Giralia
Anticline forms part of the Lower Zuni B-3 Supercycle
of Haq et a1. (1987), but we cannot correlate it more
finely to any of the five third-order cycles that apparently
constitute the supercycle. As explained above, the bios-
tratigraphic schemes available for correlation of the
Australian deposits are chronostratigraphically broad and
do not permit correlations with the same time resolution
as third-order cycles. As Miall (1992) pointed out,
correlation with the cycle chart requires a precision of
± 0.5 m.y., a level of accuracy far higher than even the
best biostratigraphic schemes can achieve for the Creta-
ceous. At present, there is no method available to
independently check the chronostratigraphic correlations
suggested by the cycle chart.
The Birdrong-Muderong sequence in the Giralia Anticline
reflects a transgressive pulse that was part of progressive
Early Cretaceous submergence of vast areas on the
Australian continent. This late Hauterivian-Barremian
transgressive pulse is particularly apparent in the coastal
basins of Western Australia and is also recognised in
widely separated basins across the Australian continent.
It may represent a synchronous continent-wide and,
therefore, probably eustatic sea-level rise. The Early
Cretaceous marine flooding episodes in Australia seem
to be associated with rapid expansion of the Indian Ocean
to the west of the continent (with continental breakup
along the south-western margin during the Berriasian-
Valanginian; Veevers et a1. 1991), but may also be
associated with terminal developments in a volcanic arc
with Chilean-type subduction along the eastern margin
(Veevers 1991).
Conclusions
The oldest Cretaceous sequence in the central part of the
Giralia Anticline lies on an erosion surface cut into
Permian strata and includes a basal sandstone unit, 10 m
thick, correlated to the Birdrong Sandstone, overlain by
56 m of dark grey siltstone (Muderong Shale). The
sandstone unit consists of friable quartz sand at the base
passing upwards into more indurated quartz-glauconitic
sandstone. In outcrop, glauconitic sandstone containing
abundant fossil wood, scattered bones of marine reptiles
(ichthyosaurs and probable plesiosaurs), and rare ammon-
ites seems to belong to the upper Birdrong Sandstone.
Dinoflagellate palynomorphs from subsurface samples
indicate that the Birdrong Sandstone is of late Hau-
terivian-Barremian age (Muderongia australis Zone), as
is the lower 16 m of the Muderong Shale. The age of
the upper part of the Muderong Shale is unknown, as is
the age of the 10 m thick sandstone unit (possibly
Windalia Sand) which separates the Muderong Shale from
the late Aptian Windalia Radiolarite.
Siliceous and apatitic permineralised conifer wood from
the outcrop of probable Birdrong Sandstone displays
prominent growth rings, indicative of a strongly seasonal
climate. However, the presence of sporadic false growth
rings and the relatively high average mean sensitivity
measure (0.348) for the 48 studied samples suggest that
the parent plants experienced substantial intra-seasonal
and inter-seasonal climatic variability. The broad range
of mean sensitivity values also suggests that the fossil
logs were derived from a number of hinterland habitats.
The presence of a range of hydrophilous pteridophytes,
lycophytes and pteridosperms and abundant probable
warm-climate cycadophytes in coeval Western Australian
non-marine strata, the 45-50° palaeolatitude of the Car-
narvon Basin during the Neocomian-Aptian, and the
measured wood growth indices suggest that the Carnarvon
Basin hinterland experienced seasonal humid mesothermal
conditions.
Fossil hyphae preserved in spindle-shaped cavities within
the permineralised conifer wood represent the first Cre-
taceous saprophytic fungi recorded from Australia. An
absence of fruiting bodies or clamp connections prevents
their precise identification, but the mode of wood decay
is similar to pocket rot evident in modern trees and in .
Permian glossopterid gymnosperms induced by a range
of basidiomycete fungi. Probable pholadid bivalve borings
within the permineralised wood are referable to the
ichnospecies Teredolites clavatus and T. longissimus. The
abundant mollusc-bored fossil wood is characteristic of
a 'log-ground' ichnofacies, which is typically developed
in condensed sedimentary successions within transgressive
systems tracts.
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The transition from quartz-rich sandstone (lower Birdrong
Sandstone) through glauconitic-rich sandstone (upper
Birdrong Sandstone) with a higher dinoflagellate content,
and robust agglutinated foraminifera of the Ammobaculites
Association, to carbonaceous siltstone and mudstone with
an abundant and diverse dinoflagellate microflora and the
low diversity Ammobaculites Association suggests that
sediment accommodation space increased, but remained
less than 50 m. Initial retrogradation through the Birdrong
Sandstone to lower Muderong Shale was followed by
aggradation during most of Muderong deposition. Within
the sequence, the Birdrong Sandstone and lowermost
Muderong Shale represents a transgressive system tract,
whereas most of the Muderong Shale is a highstand
systems tract. The relationship to the Birdrong-Muderong
sequence of the probable Windalia Sand unit is uncertain.
The Birdrong-Muderong sequence, as recognised in the
Giralia Anticline, correlates with an increasing marine
influence in sandy units of similar age in the epeiric
basins of eastern Australia, and this reflects a continent-
wide marine transgressive pulse during the late Hau-
terivian-Barremian (time of Muderongia australis Zone).
However, precise correlations are hampered by a lack of
fine biostratigraphic control. The continent-wide sea-level
rise coincides with rapid expansion of the Indian Ocean
to the west and possibly with terminal developments in
a volcanic arc on the eastern margin.
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